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NON- EQUILIURIUM IJHOPEKT6S OF MAGNETO PLASMAS 

by E. H. Holt, J. 11. Noon and R. L. Gunshor 

Rens se l a e r  Polytechnic I n s t  it ute  

SUMMARY 

Studies  a r e  i n  progress on i n s t a b i l i t i e s  i n  an a r c  plasma; on the  
cur ren t  convective i n s t a b i l i t y  of c o l l i s i o n  dominated plasmas; and on the  
occurrence of non-Maxwellian e lec t ron  v e l o c i t y  d i s t r i b u t i o n s  i n  plasmas. 
The a r c  plasma f a c i l i t y  has been constructed and put i n t o  operation. With 
argon gas f ed  continuously through a hollow cathode and t h e  r e s u l t a n t  ionized 
gas col l imated by a magnetic f i e l d  i n  the  region between the  anode and 
cathode, the a r c  has been operated up t o  a cur ren t  of 80 amps and Langmuir 
probe measurements of the e lec t ron  temperature and dens i ty  have been made. 

The c k a r a c t e r i s t i c s  of t h e  cur ren t  convective i n s t a b i l i t y  i n  the  
hollow plasma column t y p i c a l  of some plasma acce le ra to r s  have been 
inves t iga ted .  
per turbed e l ec t ron  dens i ty  reveal  t h a t  the r o t a t i n g  h e l i x  i s  concentrated 
i n  t h e  ou te r  region of the  plasma. 
value O f  t he  c r i t i c a l  magnetic f i e l d  f o r  a hollow plasma than f o r  a 
r egu la r  imsi t ive  column of the same diameter. For both the  regular  and 
the  hollow pos i t i ve  column the use of measured plasma dens i ty  p r o f i l e s  i n  
t h e  numerical evaluat ion of t he  s t a b i l i t y  c r i t e r i o n  i s  shown t o  give 
improved agreement between theory and experiment. The theory of  the 
cur ren t  convective i n s t a b i l i t y  has been general ized t o  include the  case 
of  an appl ied  magnetic f i e l d  w i t h  shear.  
when the  t o t a l  h e l i c a l  magnetic f i e l d  and the h e l i c a l  dens i ty  per turbat ion 
have t h e  same sense, t h e  plasma is des t ab i l i zed  and a mode switch should 
occur a t  a c e r t a i n  value of the  azimuthal component of the  magnetic f i e l d .  
I n  the opposi te  case the  plasma is  predicted t o  be s t a b i l i z e d  and the 
m = 1 mode i s  predicted t o  be dominant. An experiment has been performed 
and these pred ic t ions  have been confirmed. 

Langmuir probe measurements of the  r a d i a l  form of the  

The i n s t a b i l i t y  occurs a t  a lower 

The new theory predic t s  t h a t  

A comprehensive s tudy of the occurrence of non-Maxwellian e lec t ron  
v e l o c i t y  d i s t r i b u t i o n s  i n  an ac t ive  ni t rogen plasma has been made. It i s  
shown that such d i s t r i b u t i o n s  occur below a c r i t i c a l  cur ren t  l e v e l  i n  the  
discharge and wi th in  a c e r t a i n  c r i t i c a l  time a f t e r  t he  i n i t i a t i o n  of the  
discharge. 

INTRODUCTION 

Non-equilibrium proper t ies  v i t a l l y  a f f e c t  the  performance of such 
plasma devices a s  t h rus to r s  f o r  space f l i g h t  and MHD generators.  
ob jec t ive  of the  present  program i s  the  measurement and ana lys i s  of non- 
equilibrium condi t ions i n  such plasmas, including i n s t a b i l i t y  phenomena and 
the  presence of non-Maxwellian ve loc i ty  d i s t r ibu t ions .  An important secondary 
objec t ive  i s  the  development of methods of increasing the  s t a b i l i t y  of the 
plasmas b c i r i g  stuiti:.d. 

The main 
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A hollow cathode, gas f ed  a r c  plasma machine has been constructed f o r  
t he  study of  i n s t a b i l i t i e s  and i n s t a b i l i t y - r e l a t e d  t r anspor t  phenomena i n  
a high energy densi ty ,  highly ionized plasma. This type of gas discharge 
has been described i n  the  l i t e r a t u r e  and is  found t o  e x h i b i t  p roper t ies  
which makes it a t t r a c t i v e  f o r  these s tud ies .  The machine bears  important 
s i m i l a r i t i e s  t o  devices which a r e  under a c t i v e  development f o r  space 
propulsion. 

I n  p a r t i c u l a r  it has been found t h a t  it becomes r e l a t i v e l y  quiescent 
under c e r t a i n  opera t ing  condi t ions acd recent  r e s u l t s  i nd ica t e  r .m.  s. 
f l u c t u a t i o n  l e v e l s  lower than those achieved on Q machines while a t  t he  
same time the  plasma i s  orders  of  magnitude more energet ic .  

The hollow cathode, gas f e d  a rc  i s  composed b a s i c a l l y  of a hollow tube 
a t  cathode po ten t i a l ,  through which a continuous gas flow i s  maintained, and 
an anode, through which a gas may a l so  flow. 
and near  t h e  end of t he  cathode tube by processes s t i l l  not ful lv  understood. 
The plasma f i l l s  the space between the e lec t rodes  w h i l s t  the  neu t r a l  p a r t i c l e s  
a r e  p m p d  away. 

about 10i4/c.c. and e l ec t ron  temperatures from 2 t o  20 e V  along wi th  near ly  
complete ion iza t ion .  During operation of the  a rc ,  the cathode, made of 
r e f r a c t o r y  material (sometimes impregnated with thorium or barium) operates  
a t  thermionic emission temperatwes.  These a r c s  have been operated with 
seve ra l  gases, sometimes w i t h  a second gas f e d  i n t o  the  anode, and ionized 
by t h e  plasma o r ig ina t ing  from the  cathode. 

The plasma i s  formed ins ide  

From previous experiments, we expect e l ec t ron  dens i t i e s  up t o  

The Rensselaer hollow cathode a r c  has been constructed so as t o  maxi- 
mize  both the  v e r s a t i l i t y  of e lec t rode  pos i t ion  and e l e c t r i c a l  configuration, 
and t o  permit access t o  a wide range of diagnost ic  probes. 
drawing of the  system i s  shown i n  Fig. 1. The main sec t ion  of t he  c e l l  i s  
cons t ruc tsd  using two, 6 inch i . d . ,  6-arm g la s s  crosses.  The tantalum 
cathode, i n i t i a l l y  made of 1/8 inch diameter tubing, i s  loca ted  within a 
s t a i n l e s s  s t e e l  c e l l  having a g lass  viewing port .  Some d i f f i c u l t y  w a s  
experienced w i t h  s t r a y  rf breakdown (an rf vol tage i s  used together  with 
the  dc appl ied  vol tage t o  s tar t  the a r c ) .  
using a boron n i t r i d e  s h i e l d  together  w i t h  a g l a s s  tube as shown i n  Fig. 2. 

A schematic 

This t rouble  was el iminated by 
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The high ion iza t ion  l e v e l  i s  maintained by pumping neut ra l s  away while 
t h e  a c t i v e  plasma i s  magnetically confined. 
pumping speed t o  handle the  gas flowing i n t o  the hollow cathode: frorri four 
t o  s i x  
speed. 

This r equ i r e s  a r e l a t i v e l y  high 

4 inch d i f fus ion  pumps are used t o  achieve the  necessary jntiii})ing 

Continuous operat ion of t h e  a r c  has been i n  general  r e s t r i c t e d  t o  l o w  
current  conditions,  of t h e  order of 20 amps, although tlie a r c  i s  s tar ted 
a t  about 70 amps. These l e v e l s  are considerably below the  l i m i t s  of the 
device; a r c  cu r ren t s  of 100 t o  200 amps should be within design lirnits. 
Some i n i t i a l  operat ing da ta  are shown i n  Table 1. 
operation a t  lower cathode temperatures, b a r i a t e d  tungsten cathodes a r e  
being t e s t e d  a s  a possible  replacement f o r  tantalum. 

I n  order  t o  obta in  

Table 1 The i n i t i a l  d iagnos t ics  a r e  ainied 
a t  determining the  b a s i c  plasma para- 
meters such as  e l e c t r o n  and ion dens i ty  
and temperature. Thus far  t h e  measure- 
ments have been of e l e c t r o n  temlcrature  

Operating Charac te r i s t ics  of 
t he  Hollow Cathode, Gas Fed 
Arc Plasma 

Argon Arc Arc and ion dens i ty  by means of Langniuir 

Atmos- 
cc/sec 

probes. One of t he  problenis confronting 
these  measurements i s  t h e  high energy flow Volts Amps BO 

(gauss) dens i ty  i n  t h e  central  “core” of t h e  a r c .  
1300 This n e c e s s i t a t e s  t h e  rap id  sweep of t hc  

41.0 50.0 l3Oo c i r c u i t r y  f o r  t h e  i n t e r p r e t a t i o n  of’ s w l i  

39.0 50.0 l 3 O 0  ments, and some i n i t i a l  data  has befn 

0.27 37.2 22.0 probe through t h e  plasma and requircls 

0.39 37.0 22.7 constructed t o  provide f o r  these measure- 
1300 measurements. A probe c i r c u i t  hac been 

obtained. Figure 3 shows a probe 
c h a r a c t e r i s t i c  f o r  t he  probe outs ide  the  energe t ic  c e n t r a l  region; t h e  probe 
has not y e t  been passed through the  c e n t r a l  p a r t  of  the a rc .  
values of densi ty  and temperature a r e  i n  t h e  range previously reported i n  
s imilar  devices. 

The measured 

Te= 1.66 eV. 

I Figure 3 
Typical Langmuir probe 
c h a r a c t e r i s t i c  i n  the  
o u t e r  region of t h e  a rc .  

ne = 7 x 10” cmY3 

Ao Probe 1 in. froin center 
of 14amp. arc 

/‘ ! 

Vprobe (volts) 
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TIDE CURREX~T CONVECTIVE INSTABILITY I N  

COLLISION DOMINATED PLASMA COLUMNS 

Introduct ion 

Work under previous NASA grant (NsG 48) e s t ab l i shed  the  importance of 
s m a l l  t r ansverse  components of the  magnetic f i e l d  upon the  onset  of t he  
cu r ren t  convective o r  h e l i c a l  i n s t a b i l i t y  of t h e  pos i t i ve  column. 
has been extended by measurements of t h e  r a d i a l  dens i ty  p r o f i l e  of t h e  plasma 
which permit more accura te  comparison between theory and experiment: 
s tud ie s  o f . t h e  hollow pos i t i ve  column which i s  t h e  plasma configurat ion used 
i n  the  l i n e a r  H a l l  acce le ra tor :  
ana lys i s  of t he  e f f e c t  of an azimuthal magnetic f i e l d  component on the 
s t a b i l i t y  of the  hollow pos i t i ve  c o l m .  

This work 

by 

and by an experimental  and t h e o r e t i c a l  

the 

Radial  P ro f i l e  of t h e  Perturbat ion Density f o r  

Hel ica l  I n s t a b i l i t y  i n  a Pos i t ive  Column 

In  t h e i r  
Kadomtsev and 
r a d i a l l y  as a 

where n ( 0 )  = 1 

ana lys i s  of  the h e l i c a l  i n s t a b i l i t y  of t he  pos i t ive  column, 
Nedospasov (ref.  1) assumed t h a t  the perturbed dens i ty  var ied  
f i rs t  order  Bessel funct ion 

n , W  - J,b,r) 

n (R ) = 0, and R is the  ou te r  rad ius  of the c e l l .  This 1 u  B 
assumptioil w a s  l a t e r  confirmed by the  more complete mathematical t r e a t n e n t  
of Johnson and Jerde (ref. 2) .  Holter and Johnson (ref. 3) ca lcu la ted  the  
radial  p ro f i l e  f o r  t he  time-averaged dens i ty  by assuming t h a t  there  was a 
r o t a t i n g  he l ix  superimposed on the s teady s t a t e  dens i ty  of the pos i t i ve  
column. 
u n p r t u r b c d  dens i ty  showed a s h i f t  i n t o  t h a t  of a f irst  order  Bessel 
func t ion  as the  amplitude of t he  h e l i x  grew. 

They showed tha t  the  zero-order Ekssel funct ion form f o r  the  

Recently I t o h  e t  a1 ( r e f .  4) reported measurements of t he  time averaged 
Their dens i ty  p r o f i l e  i n  an e f f o r t  t o  confirm Holter  and Johnson’s r e s u l t s .  

r e s u l t s  showed q u a l i t a t i v e  agreement i n  t ha t  the  p r o f i l e  s h i f t e d  s l i g h t l y  
but  no conclusion a s  t o  t h e  func t iona l  form of the  perturbed densi ty  was 
possible .  Previous measurements reported by Artsimovich and Nedospasov 
( r e f .  5) did  not show agreement w i t h  Hol ter  and Johnson due t o  the  f a c t  
t ha t  t h e i r  measurements were made i n  a turbulen t  regime where many higher 
o rde r  modes were present .  

We have been able t o  confirm the  t h e o r e t i c a l l y  predicted form of the  
dens i ty  per turba t ion  i n  the  regular  pos i t i ve  column by measuring the  per- 
turbed ion dens i ty  w i t h  only the m = 1 h e l i c a l  mode present.  
non-] i n e n r  e f f cc t :  of the fully developed i n s t a b i l i t y ,  the m = 1 mode i s  
c,xcitcci a t  1 i : i ~ r r ~ ~ ~ t i c  f i c l d  ;trc>ry;ths s l i g h t l y  below the  c r i t i c a l  value by 
t ~ r ~ i j ~ ] o y i r ~ ~ ~   ti^^^ 

To avoid the  

dim.* clc,scribed by IIuchital and Halt ( r e f .  6 ) .  

[’or t i i t , .  ( 9  n c > : i . 1 l r c i  C’ritL: :I di:,chqrge c e l l  of 6.5 cm outer zadius and 2 
f l e t e r  l t a t i ;  L l i  WT. 0. I d .  Ltic niaiyietic field was uniform t o  17; ovcr a l e n y t n  of 
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' 0  40 cm, Four probes, spaced 90 apa r t  were loca ted  a t  two cros: sec t ions .  

'I'hese were used both t o  ind ica t e  dnset of t h e  i n s t a b i l i t y  and t o  assure tha t  
only the m = 1 mode w a s  present .  
0.13 mm i n  diameter and 6 mm long, was used f o r  t h e  dens i ty  mcnsLu'cttlerlts. 
The density was determined by measuring the  ion sa tu ra t ion  cur ren t  t o  the  
probe, 
tude of the  o s c i l l a t i o n s  i n  the  probe current  a t  t he  frequency of  the 
i n s t a b i l i t y .  
All measurements were made i n  a helium discharge.  

A bellows-mounted, r a d i a l l y  moveable iwobc, 

The perturbed dens i ty  p r o f i l e  w a s  determined by measuring the  ampl i -  

This was  done w i t h  a Hewlett-Packard - 3 O A  wave analyzer .  

Typical densi ty  p r o f i l e s  f o r  the  pos i t i ve  column are shown i n  Fig. 4. 

Figure 4 
Density p r o f i l e s  f o r  pos i t i ve  column. 
Sol id  l i n e s  a r e  t h e o r e t i c a l  curves f o r  
zero-order, no, and perturbed, nl, 
dens i t i e s .  Crosses ( + )  a r e  measured 
values of no a t  B = og. 
measured values  of no a t  onset of 
i n s t a b i l i t y  ( B  = 435 e ) .  Circ l e s  ( 0 )  

are measured values of perturbed 
densi ty ,  "1. 100 ma helium discharge 
a t  pressure of 0.16 t o r r .  

(x) a r e  

i 

RADIUS (cm.) 

The so l id  l i n e s  represent  the  t h e o r e t i c a l  curves f o r  the s teady state and 
perturbed dens i ty  p ro f i l e s .  The steady s t a t e  p r o f i l e s  were taken both a t  
zero magnetic f i e l d  and a t  a value of magnetic f i e l d  s l i g h t l y  below c r i t i c a l  
t o  demonstrate t he  cons t r i c t ion  of t h e  colwnn caused by t+.-. e lec t rodes  boine 
outs ide the  magnetic f i e l d  region ( r e f .  7) .  As car1 be seen, the measured 
p ro f i l e  f o r  the perturbed dens i ty  i s  reasonably approximated by the first 
order  Bessel funct ion assumed by Kadomtsev and Nedospasov. 

C r i t i c a l  Magnetic F ie ld  Measurement f o r  the  

Hel ical  I n s t a b i l i t y  i n  a Hollow Plasma Column 

We have examined the  e f f e c t  of a long i tud ina l  magnetic f i e l d  on the  
s t a b i l i t y  of a helium plasma i n  the shape of a hollow cyl inder .  
i s  pa r t i cu la r ly  re levant  t o  the configurat ions used i n  severa l  plasma 
acce lera tor  designs. 
the  inner and outer  r ad i i  were 0.95 and 6.5 cm respec t ive ly .  
spaced 9oo apar t  were loca ted  a t  two o u t e r  c ross -sec t iona l  1ocatioriz 
separated by 40 cm along the  ax is  of t h e  c e l l .  A t  t w o  o the r  cross-sectiorln 
evenly spaced between these w r c  sets  of two probes 180' nt'art and a 
r a d i a l l y  movable probe was loca ted  midway betweer1 thc olitcr s c , t . ;  of p r o b ~ ~ s .  
Onset of an i n s t a b i l i t y  W R  dctc?cLt?d both by rnonitori rig t,hlc. noise vo l t age  
t o  a probe and by the sharp chari[:e i n  tile lonyi t1idin;?  1 electric 1'icsld 11; at 
the  c r i t i c a l  magnetic f i e l d  A z i m i i t t l a l  arid l o r l i ; i  tutLin:iI jltm:;c s i i i  f t  
measurements were cmploycd, : t ~  i n  c':lrLicr work (rc:fx. L O  i t ion t i  ~'y t i l ( ,  

T h i s  study 

"he hollow positive-column c e l l  was 2 meters lone and 
Four probes 

z 
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m = 1 h e l i c a l  mode present .  The solenoidal  magnetic f i e l d  used w a s  uni- 
form t o  within one percent over the  region of t h e  plasma between t h e  probes. 
However, s ince  both e lec t rodes  were outsicie t he  solenoid,  a cons t r i c t ion  of 
the  plasma column occurs i n  the  uniform magnetic f i e l d  region above a f i e l d  
of around 300 gauss. The e f f e c t  of t h i s  cons t r i c t ion  on t h e  zero order  
r a d i a l  e l ec t ron  dens i ty  p ro f i l e  a t  low pressures  on t h e  s t a b i l i t y  of the  
plasma has been shown by Adati e t  a1 ( r e f .  7).  A t  h igher  pressures  t h i s  
cons t r i c t ion  i s  l e s s  not iceable ,  but a pressure of 0.18 t o r r  was s e l ec t ed  
t o  avoid s t r i a t i o n s  i n  the  discharge and t o  a v o i d  the  eo-existence of 
quiescent and turbulen t  regions i n  t h e  plasma column. 

To der ive numerical values from the  s t a b i l i t y  c r i t e r i o n  ( r e f s .  1, 2, 9) ,  
it i s  necessary 
the  gradient  of 
dens i ty  nl( r ) .  
&lousova ( r e f .  

t o  evaluate  i n t e g r a l s  which depend on the  r a d i a l  form and 
the  zero order  e l ec t ron  dens i ty  n o ( r )  and t h e  perturbed 
The r a d i a l  dens i ty  f o r  t he  hollow c e l l  may be wri t ten,  
9 )  

w i t h  boundary condi t ions n(R ) = 0 = n(R ), where J 

and second order  Bessel func t ions  respect ively,  I3 i s  a numerical constant,  
R and €3 a r e  t h e  inner  and ou te r  radi i  of t he  v e s s e l  respec t ive ly ,  and 

f3 = (Z/Da)1'2, where Z = the  r a t e  of i on iza t ion  i n  the  column and De = the  
arnbipolar d i f fus ion  coe f f i c i en t .  For oui' experimental arrangement 
I3 = 2.22 and @ = 3.54/RB. 

"tie measured p r o f i l e  f o r  no(.) f o r  zero magnetic f i e l d ,  shown graphi- 
c a l l y  i n  Fig. ? ( a ) ,  agrees  w i t h  the t h e o r e t i c a l  form. However the measured 
dens i ty  p r o f i l e  f o r  a longi tudina l  f i e l d  j u s t  below the  c r i t i c a l  value Be, 
a l s o  shown i n  Fig. 5 ( a ) ,  shows evidence of cons t r i c t ion  of the type reported 
by A d a t i  e t  a1 ( r e f .  7 )  and it i s  t h i s  p r o f i l e  which we have used a s  reprc- 
s en t ing  the  appropr ia te  form of the unperturbed r a d i a l  densi ty .  

and Y a r e  the  zero A B 0 0 

A u 

I b) 

1 0  

Y.1 

0 

I 
I ooooo 

I O  0 

I O  0 

l o  0 

10 

I 
0 

0 

Figure 5 
The measured zero-order radial  
e l ec t ron  dens i ty  i n  the hollow 
pos i t i ve  mlumn f o r  zero magnetic 
f i e l d ,  the  t h e o r e t i c a l  densi ty  f o r  
t h i s  case, and the  measured e l ec t ron  
dens i ty  p r o f i l e  f o r  a longi tudina l  
magnetic f i e l d  j u s t  below the 
c r i t i c a l  value Bc, showing con- 
s t r i c t i o n  of t he  plasma. 

The measured r a d i a l  form of the 
perturbed e l ec t ron  densi ty  n ( r ) .  1 
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For t h e  r a d i a l  form of the perturbed densi ty  nl( r )  Eelousova ( ref .  9) 
chose a mathematically t r a c t a b l e  form 

wi th  boundary condi t ions nl(RA) = 0 = n 1 B  ( R  ). 

However, as ind ica ted  i n  Fig. 5 (a ) ,  t he  a c t u a l  form of t h e  y e t u r b a t i o n  w i l l  
be determined by t h e  d i f f e r e n t  e l e c t r i c  f i e l d s  which arise i n  regions 1 arid 
2 on e i t h e r  s i d e  of A, t h e  pos i t ion  of peak e l e c t r o n  dens i ty  where cino/dr 
Fig. 5(b)  shows measured p r o f i l e s  of n l ( r )  obtairied from the AC component of 
t h e  probe s i g n a l  i n  t he  ion s a t u r a t i o n  region. 
concentrated i n  t h e  region between A and RB and, because of the c o n s t r i c t i o n s  
of the plasma column, f a l l s  sho r t  of t h e  o u t e r  r ad ius  a t  some value RA. The 
p r o f i l e  of the per turbat ion therefore  departs markedly from t h e  form assumed 
by &lousova (ref. 9 ) .  

0. 

The per turbat ion i s  c l e a r l y  

Nwnerical evaluat ion of t h e  s t a b i l i t y  c r i t e r i o n  i s  s impl i f ied  by using 
an a n a l y t i c a l  form f o r  the  r a d i a l  e l e c t r o n  densi ty ,  so we have approximatcd 
the  zero order  dens i ty  by 

evaluated between t h e  l i m i t s  A < r < 5, and t h e  l e r t u r b e d  plasma dcr1:;ity 
by the funct ion 

n l ( r )  a J1 [ -1 3*83 ( r  - A)] 

evaluated between t h e  same l i m i t s .  

Fig. 6 shows the  r e s u l t s  of t h e o r e t i c a l  ca lcu la t ions  both f o r  t he  hollow 

Figdre 6 
Theoret ical  curves of longi tudina l  
e l e c t r i c  f i e l d  over e l e c t r o n  temicrnture,  
EZ/Te, versus  longi tudina l  magnetic f i e l d  
132. Curves ( i )  and (:i) represent  the 
hollow and regular  columns, using the 
measured p r o f i l e s  f o r  n l ( r )  and r i o ( r ) .  
Curves (iii) and ( i v )  represent  t he  
hollow and regular  columns using the  

a \  \ '\ a n a l y t i c  expressions f o r  n (r) and 
no(.) a f t e r  Belousova ( ref?  9) arid 

+ " Kadomtsev and Nedospasov ( re f .  1). 
The experimental points f o r  hollow arid 
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c e l l  and a rcgular Ilositive column of t h e  same o u t e r  radius.  l n  t h e  
c l a s s i c a l  regime, lower values  of E, w i t h  increasing B, c o r r e s p n d  Co 
reduced plasma d i f f u s i o n  and thus serve as a measure of t h e  confining 
e f f ec t  of t h e  longi tudina l  magnetic f i e l d .  The region below t h e  curve of 
Ez/Te versus  B, should represent  the l i m i t s  of s t a b l e  condi t ions f o r  t h e  
experimental configuration. A locus of experimental po in t s  i s  obtained 
by measuring E, with increasing B, and should reveal t h e  onset of t h e  
i n s t a b i l i t y  wi th  an abrupt change i n  slope on cross ing  t h e  t h e o r e t i c a l  
curve ( ref .  10) a t  B = Bc. 

A s  shown i n  Fig. 6 t h e  t h e o r e t i c a l  ca lcu la t ions  based on t h e  analy- 
t i c a l  forms of t h e  r a d i a l  e l e c t r o n  dens i ty  used by Kadomtsev and Nedospasov 
and by Belousova, p r e d i c t  increased s t a b i l i t y  f o r  t h e  hollow column over  the  
rewlar column, whereas our ca l cu la t ions  based on t h e  measured p r o f i l e s  
i n d i c a t e  almost i d e n t i c a l  s t a b i l i t y  cri teria.  However t h e  increased e l e c t r o n  
lo s s  a t  t h e  inner  w a l l  of  t h e  hollow c e l l  r e s u l t s  i n  a higher  value of E, 
f o r  t h e  hollow c e l l  than t h e  regular  c e l l .  Consequently t h e  experimental 
loc i  of measured values of EZ/Te cross t h e  t h e o r e t i c a l  curves a t  a lower 
tringnetic f i e l d  D, f o r  t h e  hollow cell than t h e  regular  c e l l ,  which means 
t h a t  cx~ierirnentally the  c r i t i c a l  f i e l d  Bc f o r  onset of an i n s t a b i l i t y  i s  
lower f o r  t h e  hollow c e l l .  
t h e  a c t u a l  c r i t i c a l  niagnetic f i e l d ,  bo th  f o r  t h e  hollow and t h e  regular  

rio(r) and n l ( r ) .  

s t a b i l i t y  c r i t e r i a .  

Fig. 6 shows t h e  improved agreement i n  predict ing 

- pos i t i ve  colwnn c e l l ,  obtained by c o r r e c t l y  modelling t h e  r a d i a l  form f o r  
This study emphasizes t h e  importance of understanding the  

' 1 hys ica l  processes appropriate  t o  the  experimental conditions when predic t ing  

The Current Convective I n s t a b i l i t y  i n  

a Magnetic F ie ld  wi th  Shear 

The equations descr ibing t h e  behavior of a weakly ionized, c o l l i s i o n  
dominated plasma i n  a longi tudina l  magnetic f i e l d  ha-Je been general ized to 
include the  e f f e c t  of an azimuthal component of t h e  magnetic f i e l d  and the  
s t a b i l i t y  c r i t e r i o n  f o r  t he  onset of t h e  h e l i c a l  i n s t a b i l i t y  i n  a magnetic 
f ' i c l d  with shear  has been developed. I n  t h e  experiment t h e  azimuthal 
r ratyietic f i e l d  component +s generated by passing a current-carrying con- 
ductor  through t h e  center  of a hollow, c y l i n d r i c a l  plasma c e l l .  The theory 
predicts t h a t  when t h e  t o t a l  h e l i c a l  magnetic f i e l d  and t h e  h e l i c a l  densi ty  
1,crturbation have t h e  same sense, t h e  plasma i s  d e s t a b i l i z e d  and the  c r i t i c a l  
value of t h e  strong, longi tudina l  magnetic f i e l d  i s  reduced. For t h i s  same 
case a mode switch from the m = 1 mode t o  t h e  m = 2 mode i s  predicted a t  a 
c e r t a i n  value of t h e  azimuthal magnetic f i e l d .  I n  the opposite case, t he  
plasma i s  predicted t o  be s t a b i l i z e d  aga ins t  t h e  h e l i c a l  i n s t a b i l i t y  and no 
tnode switch from the m = 1 mode i s  predicted.  These predict ions a r e  con- 
firmed by t h e  experiment. 

The s t a b i l i z i n g  e f f e c t  is s imi l a r  t o  t h a t  reported by Chen and Masher 
( ref .  12) Sor a thermally ionized, r e s i s t i v e  plasma subjected t o  a magnetic 
f i p l c l  wi th  chr,ar. 
a p p l i e s  t o  weakly ioriizccl, c o l l i s i o n  dominated plasmas i f  t he  configuration 
of' t he  shear F ie ld  i s  properly r e l a t e d  t o  t h e  geometry of t h e  h e l i c a l  
i n s t a b i l i t y .  
cvi knee of t.h(x ei'fc.pt of '  an  : l . ~ i ~ ~ i ~ t h a l  magnetic f i e l d  component on the onset 

The present work shows t h a t  shear  s t a b i l i z a t i o n  a l s o  

T/on li e r k c  and Wohler ( ref .  13) reported t h e  f i r s t  experimental 
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of t h i s  i n s t a b i l i t y .  

A magnetic f i e l d  of t h e  form 5 7 (0, Bd7 Bz) was included i n  tlie 
equation of tmtion of the plastiia e l ec t rons .  This w a s  then combined w i t h  
t h e  usual equation of tnotion f o r  t h e  ions and the cont inui ty  equation t o  
obta in  two equations f o r  the  dens i ty  and p o t e n t i a l  of the plasma i n  a tilariner 
similar t o  that used by Kadotntsev and Nedospasov (ref'. 1). The s t a b i l i t y  
c r i t e r i o n  aga ins t  t h e  growth of a plasma per turbat ion of the  usiial l i e l i ca l  
form, exp [ i ( l iz  + m@ + ut)]  It 
can be wr i t ten  i n  t h e  following s impl i f ied  form: 

, was developed from these equations.  

+ ~ , ) k ~  + (H2 + Y)k3 + ( G 2  + H4 + H d)k2 
(Gl 5 

+ (H6 f H d ) k  f G3 + H8 + H d = G k 7 3 4 

T~ EZ/Te, and re  i s  the r e c i p r o c a l  of the e l e c t  on-neutral  
equency. For B$ = 0 and m = 1 t h i s  reduces t o  G1IJ + G2k2 + G j  = G4k 

which i s  i d e n t i c a l  t o  t he  c r i t e r i o n  der ived by Kadomtsev and Nedospasov ( re f .  1) 
f o r  the case of a s i n g l e  h e l i x  i n  a longi tudina l  magnetic f i e l d .  The co- 
e f f i c i e n t s  G 1  through G 4  and Hi through 
over t h e  zem order  plasma densi ty ,  no, d t h e  perturbed plasma densi ty ,  "1, 

involve a v a r i e t y  of i n t e g r a l s  

as  w e l l  as depending upon the  magnetic f i e l d  components. 

Thus, 

where y = (bi/be) [ 1 + ( e  T / m ) 2  (BE + B$) 3 be, bi a r e  t h e  e l e c t r o n  and 
ion n o b i l i t i e s  respect ively,  !?, i s  t h e  i o n i  a t i o n  rate and De i s  t h e  e l e c t r o n  
d i f fus ion  coe f f i c i en t .  
dependence of t h e  plasma density.  

11 through I5 a r e  i n t e g r a l s  involving the  radial 

For example, 

2 r n n d r  and I4 = 0 1  
Rl L L 

Complete expressions f o r  a l l  t h e  c o e f f i c i e n t s  are given by Reynolds (ref. 1 4 )  
and w i l l  be given i n  a t e c h n i c a l  r epor t .  

The s t a b i l i t y  c r i t e r i o n  has been numerically evaluated and t h e  r e s u l t s  
are shown i n  Fig. 7. Although t h e  c a l c u l a t i o n s  were made f o r  t h e  p a r t i c u l a r  
plasma column which was s tudied  experimentally,  t h e  q u a l i t a t i v e  e f f e c t  of an 
appl ied azimuthal component o f  t h e  magnetic f i e l d  is  more genera l ly  a p p l i -  
cable.  This e f f e c t  i s  t h a t  a negative azimuthal magnctic f i c l d  cotn1)onent 
s t a b i l i z e s  the column. T h i s  correspondc t o  t h e  scn:,c 01' tkr t o t a l ,  h ~ l  i c a l  
magnetic f i e l d  being opposed t o  t h a t  o f  the f i c l i c a l  dt-.risity pcrtlir.bntior1. 

We wish t o  emphasize tilc imrortancc of l j s i n p  ;~~~li~*c)~~riiit(~ l i r n i  Ls of' 
integrat ion when evaluat inf :  t h ~  intc/:r:i I wlI ic.kl ~ < ~ , ~ I ~  f. i 11 t , l i c  . t i i t ]  i 1 i t,y 
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Figure 7 
Theore t i c a l  p red ic t  ions ca lcu la ted  
from t h e  s t a b i l i t y  c r i t e r i o n  f o r  t h e  
hollow column (ou te r  radius  6.5 cm, 
inne r  r ad ius  0.95 cm) which was  
s tud ied  experimentally. Helium gas, 

c r i t c r i o n .  'Thest, lirriits stiould dc~f'iric t h a t  part of thr, plasma which i:, 
character ized by a negativr. gradient  of  t h e  zero ordcr  Ida:,ma dens i ty  Tor 
increas ing  radius,  because t h a t  is the  part of the  plasma wliicli , , u [ i ~ ~ o r t s  the 
growth of t h e  h e l i c a l  per turbat ion ( ref .  15). The choice i s  simply R - 0 
and H2 - HB ( t h e  o u t e r  r a d i u s )  i n  the case of the  regular  pos i t i vc  co)wnn. 
ITowever, i n  t h e  case of a hollow column t h e  limits should be taken between 
t h e  value of' r a t  which dn,/dr = 0 which we w i l l  designate as A and t h e  
o u t e r  radius .  These l i m i t s  have a l ready  been 
d.; scussed i n  the  preceeding sect ion.  

Thus R1 = A and R2 = RE. 

When a shear  f i e l d  i s  appl ied  the  value of t h e  lower l i m i t ,  A, becomes 
a funct ion of B@. 
determine the  complete r a d i a l  form of no it i s  necessary t o  general ize  t h e  
equation which descr ibes  the r a d i a l  dependence of no t o  t h e  case of t he  
p o s i t i v e  column immersed i n  a magnetic f i e l d  with shear. The following 
equation has been obtained: 

I n  order  t o  evaluate t h i s  dependence and a l s o  t o  

B 'e ec 
0 Z f -  

2 EZ d- n 
0 l d n o  e 

- + n  (3: mkr - + - -  
d r  2 r d r  + i i i B g <  0 

where D ' ,  i s  the  ambipolar d i f fus ion  c o e f f i c i e n t  i n  a longi tudina l  magnetic 
f i e l d  (Bz). 
negative values of B i n  the case where t h e  column is  hollow are shown i n  

f o r  cornprison i n  Fig. 8 ( b ) .  We see t h a t  t h e  point  A moves s i g n i f i c a n t l y  
i n  response t o  a change i n  B and t h i s  e f f e c t  was taken i n t o  account i n  t h e  

Analog computer so lu t ions  of t h i s  equation f o r  positive and 

Fig.  8(a). Experime f! t a l  da t a  taken with a r a d i a l l y  movable probe are shown 

ca l cu la t ions .  @ 
6 $ + 2 0  +lo o -10 - 2 0  B, (gauss) 

I 
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Figure 8 

Radial  plasma dens i ty  p r o f i l e s  i n  
t h e  same hollow column showing 
e f f e c t  on t h e  EZ x B d r i f t .  'The 

t h e o r e t i c a l  curves ( a )  are analog 
computer so lu t ions  o f  Eq. (2 ) .  
Experimental r e su l t s  with a r a d i a l l y  
moveable probe are shown i n  ( b ) .  

@ 

Consideration of t h e  overall  change i n  t h e  r a d i a l  form no a s  a f'unction 
of B# predicted by t h i s  equation permits a q u a l i t a t i v e  irltertx'etatioll of tht. 
e f f e c t  of B# on s t a b i l i t y  t o  be made. Figure 8 shows t h a t  an incrcxi:;c i n  134 
i s  accompanied by a reduction i n  t h e  average value of dno/dr i n  tlic r.c(:ion 
of the plasma where the  h e l i c a l  dens i ty  per turbat ion grows. This ItIt'iirl:; t i m t  
t he  value of the r a d i a l  e l e c t r i c  f i e l d ,  E,, caused by thc  atitbi\mlar dif't'ii:,ioli 
of the plasma, w i l l  be reduced. 
( r e f .  15) the  plasma w i l l  be d e s t a b i l i z e d  i n  t h i s  cas<', as !rrc:clictcd by thr. 
theory. 

Since E, a c t s  t o  s t a b i l i m  then colutin 

For the  experimental study the  hollow discharge c e l l  clcscribc,d i n  t i i c .  
preceeding sec t ion  w&s used, through which th ree  water-cooled coridiictoru 
were passed. 
ductors generated t h e  azimuthal f i e l d .  A l l  t h e  experiments were donc i n  
helium. 

Current ( t y p i c a l l y  100-200 amp. ) flowing througti tl!csii con- 

S p i c a 1  experimental r e s u l t s  f o r  t h e  c r i t i c a l  longi tudina l  riiagnc~t i c  
f i e l d ,  Bc, and the  frequency of o s c i l l a t i o n  a t  onset ,  f ,  as u Yurictiorl of'  
the  azimuthal component of  t h e  magnetic f i e l d ,  

t he  e lec t ron  temperature and t h e  exact  form of the  dens i ty  31rof L1r.s under 
experimental conditions i s  within t h e  l i m i t s  of experitnc>ntal ilncertairlty . 

a r c  cornicircd w i  t l i  tilco- 
r e t i c a l  ciArves i n  Fig. 9. Quant i ta t ive which rcqitirc,:; h m w  in{; 

O C C W N C E  OF NON-MAXWELLIAN VELOCI'TY 

D I S ' ~ 1 B U T l O l J S  I N  NITROGEN 1'LASMAS 
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1 m i I  m 2  Figure 9 

Comparison of theory ( s o l i d  l i n e s )  
w i t h  experiment l o r  the character-  
i s t i c s  of t h e  h e l i c a l  i n s t a b i l i t y  
i n  the same hollow column. Be i s  

1 0  t he  c r i t i c a l  value of the  longi tudina l  100 

magnetic f i e l d  and f i s  the  frequency 
0 1 0  3 0  0 - 1 0  - 3 0  of o s c i l l a t i o n  of t he  i n s t a b i l i t y  

0 1 0  3 0  

1 0  i 

0- 
0 - 1 0  - 3 0  

a t  onset.  
t o r r .  Mode switching i n  the 
des t ab i l i z ing  case i s  shown. 

Helium pressure = 0.18 

absorpt ion and r e f l e c t i v i t y .  It i s  shown t h a t  non-Maxwellian e lec t ron  velo- 
c i t y  d i s t r i b u t i o n s  occur below a c e r t a i n  c r i t i c a l  current  l e v e l  i n  the d is -  
charge and within a c e r t a i n  c r i t i c a l  t i m e  after the  i n i t i a t i o n  of the 
discharge . 

A gated microwave radiometer was used t o  monitor changes i n  the  noise 
ernission spectrum of the  plasma e lec t rons  as the magnetic f i e l d  i n  which 
the  plasma w a s  immersed w a s  swept through a small range on e i t h e r  s ide of 
t h a t  value where the  e l ec t ron  dyclotron frequency-was equal  t o  the  micro- 
wave radiometer frequency. T h i s  technique w a s  o r i g i n a l l y  employed by Fie lds ,  
Bckefi and Brown (ref. 16) t o  determine the steady s t a t e  form of the  e l ec t ron  
v c l o c i t y  d i s t r i b u t i o n  i n  the pos i t ive  column of a number of gases (excluding 
n i t rogen) .  

A simple expression f o r  the  d i s t r i b u t i o n  funct ion i n  terms of two p r a -  
meters p and y i s  

f ( v )  oc exp ( -  P vy> 

where the parameter p i s  r e l a t e d  to  the mean e l ec t ron  energy <u> i n  
t e r m s  of non-integer gamma funct ions by 

Y/2 
m 

2 <u> 
P =  

If t h e  exponent y = 2, t h e  d i s t r i b u t i o n  i s  Maxwellian, and y < 2 or  y > 2 
correspond respec t ive ly  t o  d i s t r ibu t ions  r i c h  i n  o r  de f i c i en t  i n  high energy 
e l ec t rons  compared t o  tkic Maxwellian d i s t r i b u t i o n  of t he  same mean energy. 

For ni t rogen the e lec t ron-ceut ra l  c o l l i s i o n  frequency u ( v )  i s  an 
increasiriir function of v n\rcr almost all e lec t ron  energies  ( r e f .  17) of 
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i n t e r e s t .  
Fields  it is  found t o  peak a t  % = o f o r  y > 2, remain constant  f o r  y = 2, 
and show a d i p  a t  u+, = (u f o r  y < 2. 

When the  r a d i a t i o n  temperature Tr i s  ca lcu la ted  by the  method of 

A separate  e f f e c t  which must be considered i s  the gradual decrease i n  
e l ec t ron  temperature i n  t h e  pos i t i ve  column w i t h  increas ing  longi tudina l  
magnetic f i e l d  B (ref.  18) which occurs even when t h e r e  i s  a Maxwellian 
e lec t ron  v e l o c i t y  d i s t r i b u t i o n .  
of e l ec t rons  t o  the  v e s s e l  walls with increasing B and i s  a l s o  r e f l e c t e d  i n  
a lower ion iza t ion  r a t e  and a reduced longi tudina l  e l e c t r i c  f i e l d  i n  the  
plasma. 
Fig. 10. Experimentally measured changes I.n r a d i a t i o n  temperature which 
occur  with increasing magnetic f i e l d  f o r  a s teady-s ta te  ni t rogen plasma 
a r e  shown t o  agree w i t h  ca lcu la ted  values  based on the  theory of von Engel 
and Steenbeck ( r e f .  18) f o r  a plasma with a Maxwellian e l e c t r o n  v e l o c i t y  
d i s t r i b u t i o n .  A s  B i s  increased by 100% (from 2,000 t o  4,000 gauss) Tr 
decreases by approximP,tely 25% (from 17,000 t o  13, OOO°K), corresponding 
t o  a change i n  longi tudina l  e l e c t r i c  f i e l d  of approximately 25%. There i s  
a monotonic decrease i n  r a d i a t i o n  temperature w i t h  increasing magrictic 
f i e l d  but  no resonant behavior of Tr occurs as the  magnetic f i e l d  i s  s w c ! l t  
through t h e  value of  3,250 gauss where % = w. 

This i s  assoc ia ted  w i t h  reduced d i f fus ion  

An example of t h i s  e f f e c t  i n  the  case of ni t rogen i s  shown i n  

2 s. I I 
1 I Figure 10 

1 1 I 1 

0 I 2 3 4 
MAGNETIC FIELD ~ ~ ( 1 6 ~ )  E;AUSS) 

Change i n  rad ia t ion  t c m i ~ ) r a t u r c  u t '  
a steady s t a t e  ni t rogen dischar6:c a t  
0.7 t o r r  as the  magnetic f i e l d  i s  
increased from o t o  4, OW i:auss. 
The experimental points  are cotiiparcd 
w i t h  a t h e o r e t i c a l  curve dcrivcd 
from von Engel and SteenbeclL ( re f .  18) 
( ve r t i ca 1 1 i ne s re prc s e n t I I 1 i c c r t a i 1 i t y 
i n  measured va lues ) .  

The plasma s tudied  consis ted of a p o s i t i v e  column discharge cs tab l i shed  
i n  a 4 mm diameter pyrex tube i n s e r t e d  through t h e  broad face of a sec t ion  
of X band waveguide and making an angle of approximately loo w i t h  the wave- 
guide axis .  
7.6 cm. The magnetic f i e l d  was uniform t o  wi th in  1% over the  length of' t h v  
olasma. ' 

"he e f f e c t i v e  length  of t h e  plasma-filled waveguide scctiori  was 



'The r ad in t  ion temperature a t  any i n s t a n t  could be measured by measurinl; 
the microwave rioicc power emit ted from the  plasma and performing a separa te  
experiment t o  dctermine tkic abso rp t iv i ty  and r e f l e c t i v i t y  of the p lasma.  A 
block diagrart, of t he  microwave c i r c u i t  is shown i n  Fig. 11. Tr w a s  monitored 
as a funct ion of time i n  the absence of an  appl ied  magnetic f i e l d  and again 
at a f ixed  time while sweeping the  magnetic f i e l d  through a 40% range on 
e i t h e r  s ide  of 3,250 gauss. 
a t  a pressure of 0.7 t o r r .  

All measurements i n  ni t rogen were c a r r i e d  out 

a t  en ator B f i l t e r  0 

Figure 11 

Block diagram of  the  microwave 
c i r c u i t .  By adjus t ing  the  wave- 
guide switches it i s  possible  t o  
measure e i t h e r  (i) noise p w e r  
transmi-tted by the  standard 
source through the  plasma, (ii) 
the  absorpt ion coe f f i c i en t  of 
the plasma, o r  (iii) the  
r e f l e c t i o n  coe f f i c i en t  of the 
plasma. 

nlatchad [ I  radiombter U 
The plasma dens i ty  w a s  derived by two independent methods. From the 

measured cur ren t  dens i ty  and the  appropriate  value of t h e  e l ec t ron  dr i f t  
ve loc i ty  based on the  value of the reduced e l e c t r i c  f i e l d  E/p, the  plasma 

dcrisi ty was est imated t o  be 1.4 x 
used. 
absorpt ion of the  e f f e c t i v e  length of the  plasma column i n  the  -avegui.de. 
The r e f l e c t i o n  coe f f i c i en t  of the  plasma under these  conditions w a s  0.1. 

f o r  t he  highest  current  discharge 
This value agrees  with ca lcu la t ions  based on the  measured microwave 

A s  a cont ro l  f o r  t h e  ni t rogen measurements, the  r ad ia t ion  temperature 
ms monitored for t he  e c t i v e  discharge i n  argon gas under t h e  same conditions 
of sweeping the  magnetic f ield.  The r e s u l t s ,  shown i n  Fig. 12, a r e  similar 
t o  those obtained by o t h e r  workers a t  S band frequencies  (ref. 16). The 
pronounced peak i n  the  r ad ia t ion  temperature a t  e l ec t ron  cyclotron resonance 
ind ica t e s  t h a t  the  e l ec t ron  ve loc i ty  d i s t r i b u t i o n  i s  de f i c i en t  i n  high 
energy e l ec t rons  as  compared w i t h  a Maxwellian of t he  same average energy. 
This agreement i n  r e s u l t s  Serves a s  added confirmation of t he  v a l i d i t y  of 
extending the experimental  technique t o  X band frequencies.  

I n  d i s t i n c t i o n  from the  argon r e s u l t s  it was found possible  t o  obtain 
a Maxwellian e l ec t ron  ve loc i ty  d i s t r ibu t ion  i n  the  a c t i v e  ni t rogen discharge 
provided t h a t  both the  discharge current  and the  durat ion of the  vol tage 
pulse were s u f f i c i e n t l y  l a r g e .  This result i s  shown i n  the upper p a r t  of 
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Figure 12 

Experimental measurements of 
Tr f o r  a n  argon discharge 

under the same condi t ions of 
sweeping t h e  magnetic f i e l d  
a s  f o r  ni t rogen i n  Fig. 13. 

Fig. 13 where for a discharge current  of 360 rnA and a pulse width of 50 psec 
t h e r e  i s  the  expected monotonic decrease i n  T r  w i t h  increasing 13 w i t h  no 
resonance behavior a t  t h e  magnetic f i e l d  value where % = w. 
lower currents  and f o r  s h o r t e r  pulse wid ths  Tr shows pronounced peaking 
around the  value of B f o r  which wB = w, ind ica t ing  departure from a Nzx- 
wel l ian v e l o c i t y  d i s t r i b u t i o n .  

However f o r  

I 

360 mA 
I Opsec 

25 
Y. 1 

Figure 1; 

Experimental measurement of thc 
r a d i a t i o n  temperature i n  t h c  
a c t i v e  discharge f o r  a range of 
discharge parameters i n  nitro{:en 
a t  0.7 t o r r .  The magnetic 
f i e l d  i s  swept  from 2,000 t o  
4,000 guass around the  value of 
3,250 gauss where uU = CD. 

R A T I O  



It i s  c l e a r  t h a t  below ce r t a in  cur ren t  l e v e l s  arid within c e r t a i n  times 
from the  i n i t i a t i o n  of the  plasma there  i s  a non-Maxwellian e l ec t ron  velo- 
c i t y  d i s t r i b u t i o n .  ‘l’hesc two parameters are not expected t o  be e n t i r e l y  
indeerident  of each other .  

I’LANS FOR TIE NEXT PERIOD 

The c h a r a c t e r i s t i c s  of t he  a r c  plasma w i l l  be s tud ied  using probe 
techniques.  The inves t iga t ion  of t he  e f f e c t  of a magnetic f i e l d  with shear  
on t h e  cur ren t  convective i n s t a b i l i t y  w i l l  be continued. The occurrence o f  
non-Maxwellian e l ec t ron  v e l o c i t y  d i s t r i b u t i o n s  i n  ni t rogen plasmas w i l l  be 
extended t o  cover the  af terglow regime. 

Changes i n  the  Electron Velocity Di s t r ibu t ion  of a Nitrogen Plasma. 
J. fI. Noon, P. R. Blaszuk and E. H. IIolt. 19 th  Annual Gaseous Electronics  
Conference, Atlanta,  October, 1966. Bull. Amer. Phys. SOC., l2, 217 (1967). 

S t a b i l i z a t i o n  of a Pos i t ive  Column Discharge by Transverse Magnetic F ie lds .  
J. F. Reynolds, E. H. Holt and W. C. Jennings. 8 t h  Annual Meeting of the  
Division of Plasma Physics of the  America1 Physical Society,  Boston, 
November, 1966. 3ull. Amer. Phys. SOC., - 12, 804 (1967). 
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